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1. 

INTERIOR PERMANIENT MAGNET MOTOR 
INCLUDING ROTOR WITH FLUX BARRIERS 

RELATED APPLICATION DATA 

The present application claims the benefit of co-pending 
provisional patent application Ser. No. 60/895,075, filed Mar. 
15, 2007, the subject matter of which is hereby fully incor 
porated by reference. 

BACKGROUND 

The invention relates to a motor rotor that includes interior 
permanent magnets and to a motor that includes such a rotor. 
More particularly, the present invention relates to a motor 
rotor that includes interior permanent magnets and one or 
more flux barriers. 

Permanent magnet motors can be manufactured using 
rotors that include Surface mounted permanent magnets of 
internally mounted permanent magnets. However, the power 
provided to a motor having Surface mounted magnets cannot 
be used efficiently with motors that include a rotor having 
internally mounted magnets. 

SUMMARY 

The present invention provides a permanent magnet motor 
that includes a rotor having internally-mounted magnets. The 
rotor also includes a plurality offlux barriers that are arranged 
Such that the motor will operate using the same inputs as a 
prior motor that includes Surface mounted magnets. In one 
construction, the motor includes flux barriers arranged such 
that opposite poles are symmetric with one another but are not 
symmetric with any other poles. In one construction, the flux 
barriers are arranged such that the harmonic content of the 
air-gap mmf and flux density is reduced. In one construction 
the flux barriers and designed such that the motor can exhibit 
a magnetic saliency and a reluctance torque when excited 
with a current containing a d-axis component. 

In one construction, the invention provides an electric 
machine that includes a stator, and a rotor positioned adjacent 
the stator and configured to rotate with respect to the stator. 
The rotor includes a plurality of laminations having an out 
side diameter and stacked in a stackwise direction. Each 
lamination includes a plurality of non-linear slots positioned 
inward of the outside diameter. Each non-linear slot includes 
an inner portion spaced a first distance from the outside diam 
eter and two end portions disposed a second distance from the 
outside diameter. The second distance is smaller than the first 
distance. The rotor also includes a plurality of permanent 
magnets. Each magnet is disposed in one of the non-linear 
slots. 

In another construction, the invention provides a rotor for 
an electric machine. The rotor includes a plurality of lamina 
tions having a plurality of apertures and stacked in a stack 
wise direction. Each lamination defines an even number of 
pie-shaped pole portions. At least one pole portion includes a 
magnet slot. The plurality of apertures is arranged such that 
each pole portion is symmetric to an opposite pole portion and 
is asymmetric with respect to an adjacent pole portion. The 
invention also includes a plurality of permanent magnets. 
Each permanent magnetis disposed in one of the magnet slots 
of the pie-shaped pole portions. 

In yet another construction, the invention provides a rotor 
for an electric machine. The rotor includes a first core portion 
formed from a first plurality of first laminations stacked in a 
stackwise axial direction. Each first lamination defines an 
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2 
even number of pie-shaped pole portions that each includes a 
magnet slot. A first of the pie-shaped pole portions is different 
than an adjacent second pie-shaped pole portion. A second 
core portion is formed from a second plurality of first lami 
nations stacked in a stackwise direction. The second core 
portion is connected to the first core portion Such that the 
second pie-shaped pole portions of the second core portion 
are aligned in the stackwise direction with the first pie-shaped 
pole portions of the first core portion. 

In still another construction, the invention provides a rotor 
for an electric machine. The rotor includes a first core portion 
formed from a first plurality of first laminations. Each first 
lamination has a first Substantially planar side, a second Sub 
stantially planar side, a plurality of magnet slots, and a plu 
rality of apertures. The first laminations are stacked in a 
stackwise direction such that the first substantially planar 
Surface faces in a first direction. A second core portion is 
formed from a second plurality of first laminations Stacked in 
a stackwise direction Such that the second Substantially planar 
sides of the second plurality of first laminations faces in the 
first direction. The second core portion is connected to the 
first core portion Such that the slots are Substantially aligned 
and substantially all of the plurality of apertures are mis 
aligned. 

In another construction, the invention provides a rotor for 
an electric machine. The rotor includes a plurality of rotor 
laminations each having an outer Surface and stacked in a 
stackwise direction. Each lamination includes a first pole 
portion that includes a first slot that cooperates with the outer 
surface to define a first space. The first space defines a first 
central aperture and a first side aperture. A second pole por 
tion, different from the first pole portion, includes a second 
slot that cooperates with the outer surface to define a second 
space. The second space defines a second central aperture and 
a second side aperture. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is an end view of a rotor lamination of the IPM 
(interior permanent magnet) type with flux barriers Suitable 
for use in forming the rotor of FIG. 7: 

FIG. 2 is an end view of another rotor lamination of the 
IPM (interior permanent magnet) type with flux barriers: 

FIG. 3 is an end view of another rotor lamination of the 
IPM (interior permanent magnet) type with flux barriers: 

FIG. 4 is an end view of another rotor lamination of the 
IPM (interior permanent magnet) type with flux barriers: 

FIG. 5 is an enlarged end view of a portion of a lamination 
similar to that of FIG. 4 but having a flux barrier skewed with 
respect to a radial direction; 

FIG. 6 is a plot of the magnetic field lines in the cross 
section of a motor with a rotor of the IPM type and a single 
flux barrier per pole; 

FIG. 7 is a schematic illustration of a motor including a 
rotor embodying the present invention; 

FIG. 8 is an end view of another rotor lamination of the 
IPM-type with flux barriers; 

FIG. 9 is an end view of another rotor lamination of the 
IPM-type with flux barriers skewed in a first direction; 

FIG. 10 is an opposite end view of the rotor lamination of 
FIG.9; 

FIG. 11 is a partially exploded view of a rotor core includ 
ing the laminations of FIG. 9 and FIG. 10; 

FIG. 12 is an end view of another rotor lamination of the 
IPM-type with flux barriers skewed in a first direction and a 
second direction; 
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FIG. 13 is a partially exploded view of a rotor core includ 
ing the laminations of FIG. 12; 

FIG. 14 is an end view of another rotor lamination of the 
IPM-type with flux barriers and with four magnet slots; 

FIG. 15 is a partially exploded view of a rotor core includ 
ing two portions (modules) and the laminations of FIG. 14. 

FIG. 16 is an end view of the rotor core of FIG. 15 illus 
trating an offset between two rotor core portions; 

FIG. 17 is an end view of another rotor lamination of the 
IPM-type with flux barriers and with four magnet slots; 

FIG. 18 is a partially exploded view of a rotor core includ 
ing the laminations of FIG. 17: 

FIG. 19 is an end view of another rotor lamination of the 
IPM-type with flux barriers and with four magnet slots; 

FIG.20 is an end view of yet another rotor lamination of the 
IPM-type with flux barriers and with four magnet slots; 

FIG. 21 is an end view of a rotor core including the lami 
nations of FIG. 14 and with permanent magnets arranged to 
produce four magnetic poles; 

FIG. 22 is an end view of a rotor core including the lami 
nations of FIG. 14 and with permanent magnets arranged to 
produce two magnetic poles; 

FIG. 23 is an end view of a rotor core including the lami 
nations of FIG. 14 and with permanent magnets arranged to 
produce eight magnetic poles; 

FIG. 24 is an end view of a rotor core including the lami 
nations of FIG. 14 and with permanent magnets arranged to 
produce four magnetic poles; 

FIG. 25 is an end view of a rotor core including the lami 
nations of FIG. 14 and with permanent magnets arranged to 
produce two magnetic poles; 

FIG. 26 is an end view of a rotor core including the lami 
nations of FIG. 1 and with permanent magnets arranged to 
produce six magnetic poles; 

FIG. 27 is an end view of a rotor core including the lami 
nations of FIG. 1 and with permanent magnets arranged to 
produce two magnetic poles; 

FIG. 28 is an end view of a rotor core including the lami 
nations of FIG. 1 and with permanent magnets arranged to 
produce two magnetic poles; 

FIG. 29 is an end view of a rotor core including the lami 
nations of FIG. 1 and with permanent magnets arranged to 
produce four magnetic poles; 

FIG. 30 is an end view of a rotor core including the lami 
nations of FIG. 1 and with permanent magnets arranged to 
produce twelve magnetic poles; 

FIG.31 is a partially exploded view of a rotor core includ 
ing two core portions and the laminations of FIG. 1; 

FIG.32 is an exploded perspective view of a rotor core that 
includes two core portions and two end laminations posi 
tioned to retain the permanent magnets; 

FIG.33 is an end view of the rotor core of FIG. 32: 
FIG. 34 is a plot of the computed air-gap mmf versus the 

angular coordinate for a motor including a rotor core with the 
laminations of FIG. 4; 

FIG. 35 is a plot of the computed air-gap mmf versus the 
angular coordinate for a motor including a rotor core with the 
laminations of FIG. 17: 

FIG. 36 is a plot of measured back emf per phase versus 
rotor position for an example motor; 

FIG. 37 is a plot of measured back emf per phase versus 
rotor position for another example motor; and 

FIG.38 is a plot of measuredline-to-line inductance versus 
rotor position for an example motor. 

DETAILED DESCRIPTION 

Before any embodiments of the invention are explained in 
detail, it is to be understood that the invention is not limited in 
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4 
its application to the details of construction and the arrange 
ment of components set forth in the following description or 
illustrated in the following drawings. The invention is capable 
of other embodiments and of being practiced or of being 
carried out in various ways. Also, it is to be understood that 
the phraseology and terminology used herein is for the pur 
pose of description and should not be regarded as limiting. 
The use of “including.” “comprising,” or “having and varia 
tions thereof herein is meant to encompass the items listed 
thereafter and equivalents thereofas well as additional items. 
Unless specified or limited otherwise, the terms “mounted.” 
“connected,” “supported,” and “coupled' and variations 
thereof are used broadly and encompass direct and indirect 
mountings, connections, supports, and couplings. Further, 
“connected” and “coupled are not restricted to physical or 
mechanical connections or couplings. 
One typical rotor construction for permanent magnet syn 

chronous motors (also known as brushless PM motors) con 
sists of a Substantially cylindrical core offerromagnetic mate 
rial. Such as laminated Steel, with arc magnets attached to the 
Surface facing the motor air-gap and the stator. From a mag 
netic point of view, Such a motor is substantially non-Salient, 
the values of the d and q axis inductances being approxi 
mately the same. When driven by an electronic controller, a 
motor of this construction is preferably operated so that the 
phasor of the stator current is aligned with the q axis in order 
to deliver maximum torque per ampere. 

Other typical rotor constructions, known to those skilled in 
the art, are of the interior type, where the magnets are inserted 
within the rotor core and magnetized radially, in a configura 
tion typically denoted as IPM (interior permanent magnet), or 
magnetized tangentially in a configuration typically referred 
to as “spoke', because of the resemblance of the magnets 
position with the spokes of a wheel. From a magnetic point of 
view, such a motor is substantially salient as the value of the 
unsaturated q-axis inductance is larger than the value of the 
d-axis inductance. When driven by an electronic controller, a 
motor of this construction is preferably operated so that the 
phasor of the stator current has, in addition to the q-axis 
current component, a demagnetizing d-axis component in 
order to take advantage of the reluctance torque and further 
improve the torque output. However, it is known that the 
saturation of the q-axis armature flux path, which tends to be 
rather high in conventional IPM motors, reduces the q-axis 
inductance and the reluctance torque. 

It is largely recognized that, especially when built with 
high energy rare earth permanent magnets, such as NdFeB, 
the IPM constructions have advantages over the surface 
mounted magnet designs in terms of improved performance 
and manufacturability as well as reduced cost. However, for 
various reasons, including legacy manufacturing lines, some 
of the motors already in production or operating in the field 
are of the Surface mounted magnet type. 

Generally, a Surface mounted permanent magnet rotor can 
not be replaced with an IPM rotor as the motor controls are 
not necessarily compatible and the motor parameters and the 
optimal operation points differ between the two motors, as 
previously explained. The present rotor is configured to allow 
an existing controller that, for example, only commands the 
q-axis current to control the new IPM rotor and motor. The 
present rotor can also be employed in motors controlled with 
“square wave' currents, typically referred to as brushless DC 
motors. The IPM motor has substantially the same values for 
Some of the parameters, e.g. back-emf and d-axis inductance, 
as a motor with a surface mounted PM rotor. Other param 
eters, such as the q-axis inductance, the stator winding resis 
tance, and the rotor inertia, can be different between the two 
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motor constructions in order to improve motor performance. 
Thus, the IPM motor can be made fully interchangeable with 
a legacy product incorporating a Surface mounted permanent 
magnet rotor (SPM). 

Both the IPM and the SPM motor typically employ a stator 
with a core built of ferromagnetic material. Such as laminated 
electric steel (cold rolled electric motor steel) and a winding 
that can be of the distributed or the concentrated type. The 
stators that are employed in conjunction with the IPM and the 
SPM rotor, respectively, can be different, e.g. can have dif 
ferent dimensions, number of slots, grade of steel etc. It is 
preferable that the type of winding, distributed or concen 
trated, is the same for the two motors as this influences the 
range of values for the inductances. 

Typically, a relative axial skew is provided between the 
stator and the rotor. In the SPM motor the magnets or the 
magnetization are skewed, while for the IPM motor the stator 
core can be skewed. In the preferred embodiment, the 
mechanical air-gap length, defined as the minimum radial 
distance between the stator core and the magnet or the rotor 
core is the same for the two different motor constructions. 

FIG. 7 illustrates a motor 10 that includes a stator 15 and a 
rotor 20. The stator 15 is supported within a housing 25 and 
defines a rotor opening 30 sized to receive the rotor 20 and 
define a desired air gap 35 therebetween. The rotor 20 
includes a core 40 that Supports permanent magnets 45 con 
figured to induce rotation of the rotor 20 in response to a flow 
of electrical current through the stator 15. 

In preferred constructions, the core 40 of the IPM rotor 20 
includes a plurality of laminations 50 stacked in a lengthwise 
or stackwise direction 33 to define the core 40. FIG. 1 illus 
trates one lamination 50 suited for use informing the core 40. 
The lamination 50 includes several V-shaped magnet slots 55 
with each magnet slot 55 sized to receive permanent magnet 
material Such as two Substantially rectangular magnets 45. 
The illustrated construction includes six V-shaped slots 55. 
thus defining six pole portions 56 with more or fewer being 
possible depending on the motor design. The construction in 
FIG. 1 employs two magnets 45 per pole portion 56 with 
fewer magnets 45 or more magnets 45 per pole portion 56 
being suitable for use if desired. It should be noted that the 
magnets 45 are illustrated as being artificially Small for pur 
poses of illustration. However, as one of ordinary skill will 
realize, the magnets 45 are generally sized to tightly fit within 
the slots 55 to inhibit unwanted movement of the magnets 45. 

The extremities 60 of the slots 55 are typically not filled 
with permanent magnet material and they are profiled to 
inhibit the magnets 45 from moving within the slot 55 and are 
designed to define a bridge 65 between two adjacent slots 55 
to reduce the magnet leakage flux. Specifically, the extremi 
ties 60 include an angled portion 70 that is arranged in a 
direction that is substantially normal to an outer surface 75 of 
the lamination 50 adjacent the extremity 60. In addition, a 
protrusion 80 extends into the V-shaped slot 55 to narrow the 
slot width adjacent each of the extremities 60 and inhibits 
movement of the magnets 45 into the extremities 60. In addi 
tion, non-magnetic material could be positioned or injected 
into the extremities 60 to inhibit unwanted movement of the 
magnets 45. 
The V-shaped slots 55 cooperate with the outer circular 

surface 75 of the lamination 50 to define a space 82. Each 
space 82 defines several apertures 85, or flux barriers, that 
extend through the lamination 50. In the illustrated construc 
tion, the apertures 85 are each shaped like elongated ovals 
with rectangular, elliptical, or other shaped apertures also 
being suitable for use. The apertures 85 define flux passages 
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86 on either side thereof and thereby operate to guide the 
magnetic flux in the desired direction. 

In the construction illustrated in FIG. 1, three apertures 85 
are formed in each space 82. The middle of the three apertures 
85 is longer than the two outer apertures 85 with all three 
apertures 85 having a similar width. The middle aperture 85 
defines along axis 90that is substantially radial. That is to say, 
the long axis 90 is substantially coincident with a radial axis 
220 of the lamination 50. The two outer apertures 85 each 
define long axes 95 that are substantially parallel to the long 
axis 90 of the middle aperture 85. The outer apertures 85 of 
each space 82 are disposed an equal distance from the middle 
aperture 85. 
The lamination 50 of FIG. 1 also includes a plurality of 

circular apertures 100 disposed radially inward of the slots 
55. Theapertures 100 can be used to improve the mechanical 
integrity of the core such as by receiving a tiebolt, can be left 
empty, can be filled with non-magnetic material, or can be 
omitted entirely. 
The construction of FIG. 1 also includes irregular or kid 

ney-shaped holes 105 placed between a shaft aperture 110 
and the slots 55. These irregular holes 105 are optional and 
have the main function of creating a bridge 115 between the 
irregular holes 105 and the slots 55, which can magnetically 
saturate under the influence of the magnetic flux produced by 
the q-axis armature reaction. The size of the irregular holes 
105 can vary, and the shape can be modified to assure that the 
magnetic saturation of the bridge 115 is achieved. For 
example, the irregular hole 105 can follow the substantially 
rectangular contour 120 drawn with a dotted line and still 
have a comparable electromagnetic effect on the performance 
of the motor 10. However, the use of larger holes 105 reduces 
the weight and inertia of the rotor. 

It should be noted that the shaft aperture 110 illustrated in 
FIG. 1 includes a key slot 125. The key slot 125 cooperates 
with a key and a second key slot formed as part of a shaft 130 
(shown in FIG. 7) to assure that the lamination does not rotate 
with respect to the shaft 130. As one of ordinary skill will 
realize other systems and methods could be employed to 
inhibit unwanted relative rotation. 

Before proceeding, it should be noted that the term stack 
wise direction 33 is used herein to describe the direction in 
which a rotor core grows as additional laminations are 
stacked thereon. As such, the stackwise direction 33 generally 
extends along the axis of rotation or the central axis of the 
shaft 130 on which the laminations are attached. 

FIG. 2 illustrates another lamination 135 suitable for use in 
forming the core 40 of the internal magnet rotor 20 of FIG. 7. 
The lamination 135 of FIG. 2 is similar to the lamination 50 of 
FIG. 1. However, the lamination 135 illustrated in FIG. 2 
includes magnet slots 140 that are arcuate rather than 
V-shaped. In addition, a single arcuate magnet 145 is posi 
tioned within the arcuate slots 140, rather than two rectangu 
lar magnets 45 as illustrated in FIG. 1. Of course, other 
constructions could employ two or more magnets 45 within 
each slot 140. 

It should be noted that the magnet slots 55, 140 of FIG. 1 
and FIG.2 respectively are each non-linear slots. While linear 
magnets could be placed in the slots 55, 140, the slots them 
selves include a bend or turn that makes them non-linear. On 
a general basis, the magnet slot edges, the collection of which 
constitutes the boundary between the slot and the ferromag 
netic material of the lamination, follow a geometrically non 
linear trajectory or profile. Of course other non-linear shapes 
as well as linear (e.g., rectangular) slots could be employed if 
desired. 
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The lamination 135 of FIG.2 includes pole portions 56 that 
include irregular apertures 150 positioned between a shaft 
bore 110 and arcuate slots 140. The irregular apertures 150 of 
FIG. 2 are larger than those of FIG. 1 but are positioned for the 
same reason as the irregular apertures 105 of FIG. 1. 

FIG. 6 illustrates a rotor 155 including laminations 160 
similar to the one of FIG.2 positioned within the stator 15. As 
can be seen, the laminations 160 of FIG. 6 do not include any 
apertures, other than the shaft bore 110, positioned between 
the shaft bore 110 and the arcuate slots 140. In addition, only 
a single oval aperture 85 is employed between the outer 
circular surface 75 of the laminations 160 and the arcuate 
slots 140. Before proceeding, it should be noted that the stator 
15 of FIG. 6 defines a stator tooth 16, a stator slot 17 and a 
stator slot opening 18towards the motor air-gap 35. The angle 
measured between the axes 19 of two adjacent teeth is defined 
as the stator slot pitch 36. For the example stator 15 of FIG. 6, 
which includes 36 equidistant slots 17, the stator slot pitch 36 
is equal to 10 degrees. These definitions follow the terminol 
ogy commonly employed by those skilled in the art. 

FIG.3 illustrates another lamination 165 that is suitable for 
use in forming the core 40 of the rotor 20 of FIG. 7. The 
lamination 165 of FIG. 3 is substantially the same as the 
lamination 135 of FIG. 2. However, the elongated apertures 
170 or flux barriers of the lamination 165 of FIG. 3 extend 
through the outer circular surface 75 of the lamination 165 
such that the apertures 170 are open on one end. 

FIGS. 4 and 5 illustrate another construction of a lamina 
tion 175 suitable for use informing the core 40 of the rotor 20 
of FIG. 7. With reference to FIG. 4, the lamination 175 
includes V-shaped magnet slots 55 similar to those of FIG.1. 
The V-shaped magnet slots 55 define six pole portions 180a 
180fthat each defines a space 183 between the V-shaped slots 
55 and the outer circular Surface 75 of the lamination 175. Of 
course, other constructions could include fewer or more pole 
portions 180 and V-shaped slots 55 as required. 

Before proceeding, it should be noted that the term pole 
portion is used to define the Substantially pie-shaped portions 
of the laminations or rotors that include one complete magnet 
slot. The pole portions may be geometrically similar and may 
include Some asymmetry or may be different all together. In 
addition, the number of pole portions is not indicative of the 
number of magnetic poles defined by the rotor as will be 
described in more detail with regard to FIGS. 21-30. 

In addition, the lamination 175 includes a shaft bore 110 
similar to that of FIG. 1 and a plurality of circular apertures 
100 between the shaft bore 110 and the V-shaped slots 55. 
Again, differently shaped or arranged apertures 100, as well 
as different quantities could be employed if desired. Addi 
tionally, a different shaft bore arrangement could be 
employed if desired. It should also be noted that the irregular 
shaped apertures 105,150 of the laminations 50,135 of FIGS. 
1 and 2 have been omitted from the construction of FIG. 4. 
However, these irregular-shaped apertures 105,150 could be 
added if desired. 

Each of the pole portions 180a-180f includes a plurality of 
apertures that act as magnetic flux barriers. Unlike the prior 
constructions, the flux barriers are not identical, i.e. they are 
different, in each pole portions 180a-180f. However, they are 
Substantially the same for diametrically opposite pole por 
tions 180a-180f. For example, the pole portions at the three o' 
clock position 180a and the nine o'clock position 180d are 
similar, the pole portions at the five o’clock position 180b and 
the eleven o' clock position 180c are similar, and the pole 
portions at the one o'clock position 180c and the seven o' 
clock position 180fare similar. 
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8 
The first set of pole portions (three o'clock position 180a 

and the nine o' clock position 180d) illustrated in FIG. 5 
includes a central oval aperture or flux barrier 185 that is 
skewed slightly with respect to a radial line 190 that passes 
through the aperture 185 and intersects the long axis 90. In the 
illustrated construction, the skew 195 is about 2.5 degrees 
with other skews 195 being possible. The use of skew 195 is 
optional and is mainly employed in order to reduce the cog 
ging and ripple torque. Not only the central aperture 185, but 
also the otherapertures or flux barriers from the pole pieces, 
such as side apertures 200 and large aperture 210 can be 
skewed. In addition the rotor laminations 175 can be axially 
flipped by 180 degrees and, for example, by doing so only 
once at the middle of the rotor stack, the equivalent of a 
one-step axial stagger skew is produced. The optimal choice 
of the skew (angle) and means of implementation will be 
further discussed for example in connection with FIGS. 9-13 
and FIGS. 36-38. 
The two oval side apertures or flux barriers 200 are posi 

tioned at either side of the central aperture 185 and are gen 
erally shorter than the central aperture 185. Both side aper 
tures 200 are skewed with respect to the center aperture 185. 
The skews are such that a longitudinal axis 205 extending 
through each of the side apertures extends through the outer 
circular surface 75 at about one-third of the distance from the 
center of the pole portion 180a, 180d to the side of the pole 
portion 180a, 180d. In addition, the axis 205 crosses the 
V-shaped slot 55 in a position that is about one-half the 
distance between the vertex 211 of the V-shaped slot 55 and 
the extremity or end 60 of the V-shaped slot 55. 

Each of the second group of pole portions (five o’clock 
position 180b and the eleven o' clock position 180c) also 
includes a central oval aperture or flux barrier 185 similar to 
the one in the first group of pole portions 180a, 180d. In 
addition, the central aperture 185 of the second group of pole 
portions 180b, 180c can be skewed similarly to the skew 195 
of central aperture 185 of the first group of pole portions 180a, 
180d. The second group also includes two shorter oval side 
apertures of flux barriers 200 that are spaced apart from the 
central aperture 185. 
The side apertures 200 of the second group are positioned 

and skewed differently from those of the first group such that 
an axis 205 that extends through each of the side apertures 
200 crosses the outer circular surface 75 about half way 
between the center of the pole portion 180b, 180c and the end 
of the pole portion 180b, 180c. The axis 205 also crosses the 
V-shaped slot 55 at a position that is about two-thirds of the 
distance between the vertex 211 and the extremity or end 60. 

Each of the third group of pole portions (seven o' clock 
position 180c and the one o'clock position 180f) includes a 
central oval aperture 210 that is substantially wider than the 
width of the central apertures or flux barrier 185 of the first 
group of pole portions 180a, 180d and the second group of 
pole portions 180b, 180c. Again, the aperture 210 can be 
skewed in a manner similar to that of the first group of pole 
portions 180a, 180d and the second group of pole portions 
180b, 180c if desired. Each pole portion 180c. 180f of the 
third group of pole portions includes two side apertures or 
flux barriers 215 spaced apart from the central aperture 210 
such that the center of each aperture 215 is approximately 
one-third of the distance between the center and end of the 
pole portions 180c. 180f from the end of the pole portion 
180c. 180f. In addition, the center of the side aperture 215 is 
at about the end of the V-shaped slot 55 and thus is adjacent 
the extremity or end 60. FIG. 4 illustrates one possible 
example for the geometrical proportions of the flux barriers 
positioning with respect to magnets and to the rotor outer 
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Surface. The dimensions are defined in a per unit (p.u.) System 
with reference to the length of one magnet out of the two 
positioned in each slot. As it will be described in the follow 
ing, the p.u. dimensions correspond to a preferred construc 
tion that enhances motor performance. Variations of plus and 
minus 10 percent of the defined dimensions as well as rela 
tively small variations of shape, as shown for example in 
FIGS. 8-10 are of course possible. 
The positioning of the flux barriers 85, 185, 200,210, 215 

with respect to the magnet slots 55 and the rotor outside 
surface 75, as previously explained with reference to FIG.4, 
contributes to shaping the air-gap flux density to bring it 
closer to a desired waveform, such as a sinusoid. For further 
improvements, the rotor stack can be, optionally, built with a 
number of axial sections, for example three, in the six-pole 
motor embodiment. A first axial section is built with all the 
laminations 175 positioned as shown in FIG.4, a second axial 
section has all the laminations rotated by one pole pitch and 
the third (last) section has all the laminations rotated by a 
further one-pole pitch, i.e. two pole pitches with respect to the 
first section. In the example construction, the three sections 
are of equal length. With the dimensional proportions noted in 
FIG. 4 and taking into account practical effects Such as flux 
leakage and the magnetic non-linearity of the steel, it was 
found that the resultant air-gap flux density waveform is 
quasi-sinusoidal, having, below the 23" harmonic order, only 
the 11" and the 13" harmonic with magnitudes larger than 
5%, but nevertheless smaller than 10%, of the fundamental. 
Following the procedure previously described, it is possible 
to virtually eliminate undesirable harmonics, make the motor 
back emf more sinusoidal, reduce the radial forces and overall 
improve motor performance. Within the general scope of the 
invention, the selection of other relative geometrical dimen 
sions for a lamination 175 is also possible in order to improve 
certain targeted aspects of motor performance, such as cog 
ging and torque ripple. 

The apertures 85, 185, 200,210, 215 also act as barriers in 
the flux path of the armature reaction due to the q-axis stator 
current and therefore can be referred to as “q-axis flux barri 
ers’. With reference to FIG. 1 an imaginary line 220 is drawn 
along a radius of the rotor through the center of a pole portion 
56 and of the central q-axis flux barrier85. This line coincides 
with the rotor d-axis as known from the motor electromag 
netic theory. Another imaginary line 225 is drawn to be per 
pendicular to the line 220 and intersects it at approximately 
the middle of the radial dimension of the side flux barrier85. 
The shape and size of the flux barriers 85 can vary. For 
example, in one construction, the flux barriers 85 extend all 
the way to the rotor surface 75 facing the air-gap as shown in 
FIG.3. The flux barriers 85, 185, 200,210, 215 are typically 
empty but they can be filled with a non-magnetic material 
(such as epoxy or plastic) in order to enhance the mechanical 
strength of the rotor 20. 
The q-axis flux barriers 85 have limited influence on the 

d-axis armature reaction flux path. The shape, size, position 
and number of the q-axis flux barriers can vary and in the 
preferred embodiment they are designed such that the q-axis 
inductance is Substantially equal to the d-axis inductance of 
the motor 10. Furthermore, it is preferable, although not an 
absolute requirement that the inductance value is comparable 
with that of the SPM motor which is targeted for replacement. 
In order to achieve this objective, it was found that the total 
(cumulated) width of the q-axis flux barriers along the line 
225 should be approximately between two (2) and four (4) 
times the radial width 222 of the permanent magnet 45, which 
in turn is substantially equal to the radial width of the slot 55. 
For the practical applications studied, it was found three (3) 
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10 
q-axis flux barriers 85, positioned approximately equidis 
tantly in the pole portion 180, are satisfactory from a motor 
performance and manufacturability point of view. In one 
construction, each of the flux barriers 85 has a width equal to 
the slot width or magnet width 222. 

FIG. 6 shows a plot of the magnetic flux in the cross-section 
of an IPM motor with arc magnets and a single flux barrier85 
per pole portion 180 operating in open-circuit. This graph, 
which also shows a cross-section of the stator, was produced 
with the use of the SPEED Software PC-BDC and PC-FEA. 
The magnet North and South polarity are marked using the 
typical convention employing the capital N and S letters, 
respectively. The (center) pole geometrical axis 220a (see 
also FIG. 2) of the rotor corresponds to the magnetic rotor 
d-axis for which the rotor and the air-gap flux are maximum. 
The inter-polar geometrical axis 220b corresponds to the 
separation between two adjacent North and South magnetic 
poles. 
The flux barriers 85, 185, 200, 210, 215 can be conve 

niently employed to design IPM motors having an unconven 
tional saliency with the q-axis inductance Smaller, or even 
Substantially smaller, than the d-axis inductance. Such 
motors could be advantageous, for example, when designed 
for very high electromagnetic loadings and/or used with a 
controller that only commands the q-axis current. Another 
example of controller for which such a motor would be ben 
eficial, will command a magnetizing component of the d-axis 
current (and not the typical demagnetizing d-axis current 
used with conventional IPMs) in order to, for example, 
enhance the stability of an open-loop system and/or take 
advantage of the motor reluctance torque. 

FIG. 8 illustrates another design of a lamination 225 suit 
able for use in constructing an IPM rotor. The lamination 225 
is similar to the lamination 175 of FIG. 4 with several excep 
tions. The shape of the apertures 230 is slightly different than 
the shape of the apertures 210 of FIG. 4 in order to provide, 
between the aperture 230 and the permanent magnet slots 55. 
a bridge 235 shaped such as to cause less interference with the 
typical magnetic flux path at open-circuit operation (see for 
example FIG. 6). The bridge 236 defined between the aper 
ture 230 and the outer surface of the rotor lamination 225 is 
shaped to enhance the rotor magnetic and mechanical perfor 
mance. In addition, the apertures 240 are open to the outer 
Surface of the lamination, rather than closed as the apertures 
215 illustrated in FIG. 4. The opening of the apertures 240 is 
Substantially the same as the magnetically-equivalent open 
ing of the bridge formed in between the closed apertures 215 
and the outside surface of the lamination 175 of FIG. 4, 
provided that the bridge is fully saturated by the magnetic 
flux. The profile of the lower part of the apertures 240 (i.e. the 
Surface closest to the magnet slot 55) is such as to cause less 
interference with the typical magnetic flux path at open 
circuit operation. From a manufacturing point of view, the 
apertures 240 are preferable because they eliminate the need 
for thin bridges between apertures 215 and the outer surface 
and therefore enhance manufacturability and increase the life 
of the punching tooling. The illustrated lamination 225 
includes an armature-reaction flux barrier Substantially cen 
trally positioned in each of the pole portions. The geometry of 
lamination 225 has a symmetrical periodical structure with an 
angular (circumferential) periodicity of 180 mechanical 
degrees, which contributes to the balancing of mechanical 
and magnetic forces. 

FIG. 9 illustrates yet another IPM rotor lamination 245 and 
its features can be explained through geometrical morphism 
of the lamination 225 shown in FIG.8. The apertures or flux 
barriers 250 of FIG. 9 each include a first end 255 that is 
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positioned adjacent a vertex 211 of the magnet slot 55 in the 
respective pole portion 56 of the lamination 245. Unlike the 
aperture 230 of FIG. 8, the aperture 250 includes a second end 
260 that is tipped in a first direction (clockwise) by an angle 
265 (see for example 195 in FIG. 5) with respect to a radial 
line 270 that passes through the center of the lamination 245 
and the vertex 211. In this construction, the radial line 270 is 
Substantially aligned with the (center) pole geometrical axis 
and the rotor magnetic d-axis. The lower profile and the sides 
of the apertures 275a, 275b are very similar to those of aper 
tures 240 of FIG. 8. Through the geometrical morphism the 
slot opening of one aperture 275a is substantially increased 
by the angle 265 and the slot opening of the other aperture 
275b is substantially decreased by the same angle 265. 

In order to minimize the effect of parasitic harmonics, such 
as the slotting harmonics, the value of the angle 265 is 
selected in a certain relationship with the number of stator 
slots and by taking into account other design features, such as 
rotor module staggering, which will be latter described. For 
example, the value of angle 265 can be selected as a fraction 
of the slot angular pitch, e.g. one-quarter, one-third, one-half 
or two-thirds, or can be equal to the stator slot angular pitch. 
A rotor core built with laminations 245 would have the flux 
barriers effectively skewed, while the inter-polar axes would 
remain in the same position as shown in FIG.8. As a result, the 
motor performance would be improved and the ripple and 
cogging torque reduced. The apertures 275a, 275b of FIG. 9 
are open to the outer surface 75 of the lamination 245, rather 
than closed as illustrated in FIG. 4. Theapertures 275a, 275b 
are also shaped differently than the apertures 215 of FIG. 4. In 
the example shown in FIG.9, all the apertures or flux barriers 
230, 250, 275,280 are tipped or skewed by the same angle 
265 and in the same direction. In other constructions, only 
some of the flux barriers are skewed and/or some of the 
barriers are skewed with a different angle and/or in a different 
direction as will be discussed. 
The lamination 245 of FIG. 9 includes a plurality of pole 

portions 56 with several of the pole portions 56 including flux 
barriers in the form of a central aperture or flux barrier 250 
and two side apertures or flux barriers 280. Like the lamina 
tion 175 of FIG. 4 and the lamination 225 of FIG. 8, the 
lamination 245 of FIG. 9 includes six pole portions 56 with 
opposite pairs of pole portions 56 being similar to one another 
but different from the other pairs of pole portions 56. 

The central apertures 250 are similar to the central aper 
tures 185 of the lamination 175 of FIG. 4. The first end 255 of 
each of the central apertures 250 is positioned adjacent the 
vertex 211 or inner most point of the slot 55 of the pole portion 
56. The second end 260 of the central aperture 250 is rotated 
in a first direction (clockwise) with respect to a radial line 270 
that passes through the center of the lamination 245 and the 
vertex 211 of the slot 55. Thus, the central apertures 250 of 
FIG. 9 are tipped when compared to the central apertures 185 
of FIG. 4. 

Like the central apertures 250, the side apertures 280 
include first ends 285 that are positioned in much the same 
way as the first ends of the side apertures 200 of FIG. 4. A 
second end 290 of each of the side apertures 280 is tipped 
slightly in the first direction when compared to the side aper 
tures 200 of FIG. 4 much like the second end 260 of the 
central apertures 250. Thus, the spatial relationship illustrated 
in FIG. 4 is substantially maintained, while the orientation of 
the apertures 250, 280 is changed. 

The first pair of pole portions 56 includes the pole portions 
56 positioned at the 2 o'clock and the 8 o'clock positions in 
FIG. 9. The second pair of pole portions 56 includes the pole 
portions 56 positioned at the 12 o'clock and the 6 o'clock 
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12 
positions. These pole portions 56 include apertures 250, 280 
having inner most ends 255, 285 arranged like the inner most 
ends of the apertures 185, 200 located at the 3 o'clock and 9 
o'clock positions of the lamination 175 of FIG. 4. The third 
pair of pole portions 56 includes the pole portions 56 posi 
tioned at the 4 o'clock and the 10 o'clock positions. These 
pole portions 56 include apertures 250,280 having inner most 
ends 255, 285 arranged like the inner most ends of the aper 
tures 185, 200 located at the 5 o'clock and 11 o'clock posi 
tions of the lamination 175 of FIG. 4. However, the skew 
introduced in the lamination 245 of FIG. 9 changes the posi 
tion of the outermost ends 260,290 of the apertures 250, 280 
when compared to those of the apertures 185, 200 of FIG. 4. 
In summary, the lamination 245 of FIG. 9 can be obtained 
through geometrical transformations from the lamination 175 
of FIG. 4 by incorporating the skew first defined in FIG.5 and 
by opening the apertures 215 and “morphing them from the 
apertures or notches 240 of lamination 225 of FIG. 8. 

FIG. 10 illustrates the lamination of FIG.9 from the oppo 
site side. As such, the apertures, 250, 280, and 230 appear to 
be tipped in the opposite direction. In other constructions, for 
the convenience and quality of manufacturing, the lamination 
of FIG. 10 can be punched with a separate punching tool (die) 
than the one used for lamination of FIG. 9. 

FIG. 11 illustrates a rotor core 295 formed using the lami 
nations 245 of FIG.9 and arranged as illustrated in FIG.9 and 
FIG. 10. The rotor core 295 includes a first core portion 300 
that is formed by stacking rotor laminations 245 in a stack 
wise direction 33 while oriented as illustrated in FIG. 9. A 
second core portion 305 is formed by stacking rotor lamina 
tions 245 in a stackwise direction 33 while oriented as illus 
trated in FIG. 10. When the two core portions 300, 305 are 
assembled, the magnet slots 55 align with one another but the 
apertures 250, 280, and 230 are slightly misaligned. The 
misalignment is largest at the end toward the rotor surface 75 
where the misalignment is equal to twice the value of the 
angle 265. By selecting the axial core length of the portion 
(module) 300 to be equal to the axial core length of the portion 
or module 305 and the value of the angle 265 to be about equal 
to a quarter of the stator slot pitch angle, the two module rotor 
construction of FIG. 11 has the effect of a single-step approxi 
mation of a one slot pitch continuous axial skew of the aper 
tures 250, 280, and 230. This construction reduces the effect 
of parasitic harmonics, reduces torque ripple and improves 
motor performance. 

FIG. 12 illustrates another lamination 310 that is similar to 
the lamination 175 of FIG. 4. Like the lamination 175 of FIG. 
4, the lamination 310 of FIG. 12 includes six pole portions 56 
with opposite pairs of pole portions 56 being similar to one 
another but different from the other pairs of pole portions 56. 
The first pair of pole portions 56 includes the pole portions 56 
positioned at the 2 o'clock and the 8 o'clock positions. These 
pole portions 56 include an aperture 315 that is shaped like the 
aperture 230 of FIG. 9 but oriented like the aperture 210 of 
FIG. 4. Specifically, the aperture 315 is substantially aligned 
with the center pole radial line 270a. 
The second pair of pole portions 56 includes the pole 

portions 56 positioned at the 12 o'clock and the 6 o'clock 
positions in FIG. 12. These pole portions 56 include apertures 
320b,325b,326b arranged like the apertures 250,280 located 
at the 10 o'clock and 4 o'clock positions of the lamination of 
FIG. 10. Specifically, the apertures 320b, 325b, 326b are 
tipped in a counterclockwise direction by an angle 265b with 
respect to a radial center line 270b. 
The remaining pole portions 56 include apertures 320c, 

325c., 326c that are tipped by an angle 265c in a clockwise 
direction with respect to a radial center line 265c and are 
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arranged much like the apertures 250,280 positioned at the 10 
o'clock and 4 o'clock positions of the lamination 245 of FIG. 
9. Thus, the lamination 310 of FIG. 12 includes pole portions 
56 with non-tipped (radially-aligned) apertures 315, aper 
tures 320b, 325b, 326b tipped in the clockwise direction, and 
apertures 320c, 325c, 326c tipped in the counterclockwise 
direction. By selecting the value of the angle 265b to be equal 
to the value of the angle 265c and equal to two thirds of the 
stator slot pitch, lamination 310 can be axially stacked to 
build rotor cores that have, from the flux barriers point of 
view, an axial skew equivalent to a two-step three-module 
approximation of a one stator slot pitch skew, thus reducing 
torque ripple and improving motor performance. 

FIG. 13 illustrates a rotor core 330 manufactured using the 
laminations 310 of FIG. 12. The rotor core 330 includes three 
core portions 335a, 335b, 335c each formed by stacking a 
number of the laminations 310 of FIG. 12 in a stackwise 
direction 33. In each of the core portions 335a, 335b, 335c, 
the laminations 310 are aligned with one another such that all 
of the apertures and slots are aligned. To assemble the rotor 
core 330, a first of the three core portions 335a is positioned 
adjacent a second of the three core portions 335b. The second 
core portion 335b is rotated two pole portions 56, i.e. 120 
degrees in the clockwise direction, such that the apertures 
315, 320,325 and 55 are not aligned with one another at the 
interface between the first core portion 335a and the second 
core portion 335b. A third core portion 335c is positioned 
adjacent the second core portion 335b and is also rotated two 
pole portions 56 with respect to the second core portion 335b. 
Thus, the apertures 315, 320, and 325, 55 of the third core 
portion 335c do not align with the apertures 315, 320, and 
325, 55 of the second core portion335b, or the apertures 315, 
320, 325, 55 of the first core portion 335a. Rotation by other 
increments of a pole portion, Such as 60 or 180 degrees, may 
be also performed if beneficial from a manufacturing point of 
view. From an electromagnetic point of the view, the con 
struction shown in FIG. 13 is advantageous because at any 
constantangular coordinate it integrates or averages along the 
axial direction the effect of different pole portion geometry on 
the magnetic field and global motor parameters, such as back 
emf and inductance, and improves motor performance, for 
example by reducing parasitic forces, noise and vibration. 
The rotor construction is well suited to be used in conjunction 
with stators that include windings with separated parallel 
paths and/or with fractional slots per pole and phase and/or 
asymmetries, such as flats on the outer Surface of stator lami 
nation. In FIG. 13, the core modules 335a, 335b and 335c are 
illustrated as being substantially thick. However, it is under 
stood that at the lower extreme the modules can be very thin 
containing as little as one lamination. 

FIGS. 14-17 illustrate various aspects of an IPM rotor with 
four pole portions 56. FIG. 14 illustrates a lamination 340 for 
the four-pole IPM rotor. The lamination 340 includes four 
magnet slots 345 that are positioned to receive at least one 
permanent magnet or permanent magnet material. Each of the 
slots 345 includes an elongated portion 350 that extends 
across a pole portion 56 of the lamination 340 and is oriented 
at about ninety degrees to the adjacent slots 345. The slots 345 
also include end portions 355 that are angled with regard to 
the elongated portions 350 and that cooperate with adjacent 
end portions 355 to define substantially narrow bridges 360 
between the adjacent slots 355. Each of the slots 345 divides 
its respective pole portion 56 into an outer portion 365 and an 
inner portion 370. 
The outer portion 365 of each pole portion 56 includes a 

central elongated aperture or flux barrier 375 that is posi 
tioned substantially along or coincident with a radial line. The 
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14 
illustrated aperture 375 is oval with other shapes also being 
possible. Two similarly-sized side apertures or flux barriers 
380 are positioned on either side of the central aperture 375. 
The side apertures 380 are tipped such that their outer most 
ends are closer to the central aperture 375 than are the inner 
most ends. The positioning of the side apertures 380 is similar 
to the arrangement illustrated in FIG. 4. Thus, the apertures 
380 also operate as flux guides concentrating the magnet flux 
towards the center of the rotor pole portion 56. At the same 
time, the apertures 375 and 380 act as flux barriers for the 
q-axis armature flux path. It was found that in order to pro 
duce a motor with a very low saliency, the cumulated width, 
measured along the line 411 that is Substantial parallel to a 
magnet slot 345, of the apertures 375 and 380 from within one 
pole portion 56, has to be approximately equal to 2 to 4 times 
the length of the magnet slot along a radial direction 221. In 
other constructions, especially when used for rotors with 
magnetic polarities different than four, the side apertures 380 
can be parallel to the apertures 375 or can be oriented out 
wards from the center of the rotor pole portion 56 in order to 
enhance the magnetic flux path. 
The outer portion 365 of each pole portion 56 also includes 

two substantially triangularly shaped apertures 385 each 
positioned adjacent the end portions 355. The triangular aper 
tures 385 function as flux barriers and cooperate with the end 
portions 355 to define a narrow bridge 390 therebetween. The 
base of the triangular apertures 385 is oriented towards the 
outer surface of the rotor lamination 340, thereby creating a 
bridge 392 that is similar to the bridge 393. In some construc 
tions, the triangular apertures 385 are joined with the ends 
355 of the magnet slot 345. It was found that a bridge 390, as 
shown in FIG. 14, improves the mechanical strength of the 
rotor lamination 340. 
The inner portion 370 of each pole portion 56 may include 

a substantially semi-circular aperture 395 and a circular aper 
ture 400. The semi-circular aperture 395 is positioned along 
the radial line that passes through the central aperture 375 of 
the respective pole portion 56. The semi-circular aperture 395 
cooperates with the adjacent slot 345 to define a narrow 
bridge 405 therebetween. 
The circular aperture 400 is positioned on one side of the 

pole portion 56 near the interface (illustrated as line 410) of an 
adjacent pole portion 56. The circular apertures 400 are con 
figured to receive a connector or fastening member that facili 
tates the attachment of several laminations 340 to one another. 
For example, in one construction a tie bolt or threaded rod 
passes through the apertures 400 to facilitate the assembly of 
a rotor core using the laminations 340 of FIG. 14. 

FIG. 15 illustrates a rotor core 415 that is formed using the 
laminations 340 of FIG. 14. The rotor core 415 includes a first 
core portion 420 and a second core portion 425 that are each 
formed by stacking the laminations 340 of FIG. 14 in a 
stackwise direction 33. To assemble the rotor core 415, the 
first core portion 420 is inverted with respect to the second 
core portion 425, i.e. flipped or mirrored around a plane 
perpendicular on the axial direction and rotated in the circum 
ferential direction. The circular apertures 400 are then aligned 
with one another to allow the tie rod or bolt to pass through 
both the first core portion 420 and the second core portion 
425. When arranged in this manner, the asymmetric position 
ing of the circular apertures 400 causes the slots 345, the 
central apertures 375, the side apertures 380, and the semi 
circular apertures 395 to be slightly mis-aligned at the inter 
face between the first core portion 420 and the second core 
portion 425 as illustrated in FIG. 16. By selecting the angle 
between the aperture 400 and the axis 410 to be equal to a 
quarter of the stator slot pitch the resultant rotor core 415 has 
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a step-skew angle of half a slot pitch that improves motor 
performance and reduces cogging and ripple torque. 

FIG. 17 illustrates another lamination 430 suitable for use 
with an IPM rotor. The lamination 430 is similar to the lami 
nation 340 of FIG. 14 with the exception that the triangular 5 
apertures 385 in two opposite pole portions 56 are eliminated. 
The elimination of these two apertures 385 in two of the four 
pole portions 56 introduces a design controlled asymmetry in 
the equivalent air-gap mmf (magneto motive force), as it will 
be latter explained. The magnet slot 345 cooperates with the 10 
apertures 380 and 375 to define the dimensions 386a, 386b, 
386c. 386d as shown. The outer surface of the pole portion 56 
cooperates with the apertures 380 and 375 to define the 
dimensions 387a-387 has shown. The illustrated construction 
has a symmetry within one pole portion56 and therefore 386a 15 
equals 386d, 386b equals 386c, 387a equals 387h, 387b 
equals 387g, 387c equals 387f, 387d equals 387e. The 
numerical values quoted in the following are in a p.u. System 
with reference to half of the pole portion arcuate (angular) 
length and half of the magnet length, respectively. The 20 
approach is similar to the one as described in relation with 
FIG. 4. The dimensions 387a and 387b have a direct influence 
on motor cogging torque and their optimal values are in a 
relation with the stator characteristics, more specifically with 
the number of slots and the slot opening. It was found that for 25 
387a and 387b a value equal to half of the stator slot pitch 
reduces the cogging torque. For an example stator with 
twenty slots this corresponds to 7.5 mechanical degrees or 
0.167 p.u. In preferred constructions, the values of 387e and 
387d are substantially different then the stator slot pitch, e.g. 30 
15 mechanical degrees or 0.334 p.u., or an integer multiple of 
the stator slot pitch. Through numerical calculations and 
practical experimentation, as it will be later described in 
relation to FIGS. 35-38, it was found that the preferred values 
of 386a, 386b,386c, and 386d being equal to 0.5 p.u., 387a, 35 
387b,387g, and 387h being equal to 0.167 p.u.,387c and 387f 
being equal to 0.391 p.u., and 387d and 387e being equal to 
0.275 p.u., improve the harmonic content of the motor elec 
tromagnetic field, make the back emfwaveform more sinu 
soidal, reduce ripple and cogging torque, reduce noise and 40 
vibration and enhance motor performance. Variations in a 
range of plus and minus 10 percent from the previously 
quoted relative dimensions, as well as relatively small varia 
tions of shape, are of course possible. It is noted that because 
the geometry of the lamination 430 and, consequently, the 45 
magnetic field distribution, is different in between a North 
and a South pole, in the preferred construction this lamination 
is employed in rotorcores with two axial modules as shown in 
FIG. 18. 

FIG. 18 illustrates a rotor core 435 formed from the lami- 50 
nations 430 of FIG. 17. Several of the laminations 430 are 
stacked in a stackwise direction 33 such that the apertures and 
magnet slots are aligned to define a first core portion 440. A 
second core portion 445 is formed in much the same way as 
the first core portion 440 and is attached to the first core 55 
portion 440. The second core portion 445 is rotated one pole 
portion, or 90 degrees such that the triangular apertures 385 
do not align with one another at the interface of the first core 
portion 440 and the second core portion 445. Also illustrated 
in FIG. 18 is the resultant N(orth) and S(outh) 4-pole rotor 60 
magnetic polarity, provided that one magnet is employed per 
each rotor slot. The construction is beneficial because, from 
an axial averaging point of view, it creates North and South 
poles with similar configuration and performance, balancing 
the magnetic forces and eliminating parasitic harmonics from 65 
the motor performance and parameters, such as back emf and 
inductance. To further enhance motor performance, this con 
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struction can be used with core modules 440 and 445 of equal 
axial length and a staggered (step)-skew as described with 
reference to FIG. 15. 

FIG. 19 illustrates another lamination 450 similar to the 
lamination 430 of FIG. 17. However, rather than eliminating 
both triangular apertures 385 from two of the pole portions 
56, the desired magnetic asymmetry is introduced on a per 
pole-portion basis by eliminating one of the triangular aper 
tures 385 in each of the pole portions 56. Thus, the pole 
portions 56 are structurally the same and two adjacent pole 
portions 56a and 56b are magnetically symmetric with 
respect to an axis 412. Within one pole portion 56b one half is 
different from the other half when separated by an imaginary 
center line 413. 

FIG. 20 illustrates another lamination 455 similar to the 
lamination 430 of FIG. 17. However, rather than eliminating 
both triangular apertures 385 from two of the pole portions 
56, the desired magnetic asymmetry is introduced by elimi 
nating one of the triangular apertures 385 in each of the pole 
portions 56. The triangular apertures 385 are eliminated in a 
pattern that results in the triangular apertures 385 being posi 
tioned adjacent one another. As such, two interfaces 410 
between adjacent pole portions 56 include two triangular 
apertures 385 immediately adjacent the interfaces 410 and the 
remaining two interfaces 410 have no triangular apertures 
385 adjacent them. As with other rotor lamination construc 
tions previously described, the lamination 450 of FIGS. 19 
and 455 of FIG. 20 have a symmetrical periodical structure 
with an angular (circumferential) periodicity of 180 mechani 
cal degrees, which contributes to the balancing of mechanical 
and magnetic forces. 

FIGS. 21-25 illustrate rotor core portions assembled from 
laminations 340 similar to that illustrated in FIG. 14 (without 
the circular through holes 400) and including magnets 45 
arranged to produce a rotor having a desired polarity. For 
example, FIG. 21 illustrates a rotor core 460 that includes 
magnets 45 arranged Such that each pole portion 56 defines a 
single polarity, and adjacent pole portions 56 have opposite 
polarities. Thus, FIG. 21 illustrates a four-pole core 460 in 
which each pole portion 56 defines a magnetic pole. 

In the construction of FIG. 22, two adjacent pole portions 
56a, 56b include magnets 45 arranged to define the same 
polarity with the remaining two pole portions 56c. 56d 
including magnets 45 arranged to define the opposite polarity. 
Thus, the construction of FIG. 22 defines a two-pole rotor 
core 465. 
The construction of FIG. 23 includes two separate magnets 

45a, 45b positioned in each magnet slot 345 and oriented in 
the opposite polarity. Thus, each pole portion 56 defines two 
magnetic poles and the rotor core 470 includes eight magnetic 
poles. Virtually the same magnetic performance can be 
achieved with a single magnet block occupying the entire 
magnet slot 345, i.e. the same physical space as magnet 45a 
plus magnet 45b, and magnetized with opposite polarity at the 
two ends. A semi-circular aperture 395a is placed below the 
magnet slot 345 to define a bridge 405a and a bridge 405b 
towards the shaft bore. The shape and the size of the aperture 
395a is designed in order to enhance the magnetic flux path 
for a desired magnetic polarity of the rotor. Thus, in some 
situations a larger kidney-shaped aperture 395b as illustrated 
in dashed lines is employed. In still other situations, it may be 
desirable to eliminate some of the kidney-shaped apertures. 
For example, in the Construction of FIG. 25, it would be 
desirable to employ the largest kidney-shaped apertures 395b 
at the twelve o’clock and the six o'clock position, while 
employing the Smallest kidney-shaped apertures at the three 
o'clock and 9 o'clock positions. In fact, it is preferred that the 
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kidney-shaped apertures be omitted altogether at the three 
o'clock and 9 o'clock positions. 

FIG. 24 illustrates another construction arranged to pro 
duce a four-pole rotor core 475. In this arrangement, the 
magnet slots 345 of each pole portion 56 each include two 5 
magnets 45a, 45b arranged with the opposite polarity. The 
adjacent magnets 45b in the adjacent pole portions 56 are 
arranged such that the magnet 45b nearest the first pole por 
tion 56 is arranged with the same polarity as the closest 
magnet 45b in the first pole portion56. Thus, the pole portions 10 
56 cooperate with adjacent pole portions 56 to define a mag 
netic pole of the rotor core 475. Each pole portion 56 defines 
half of two different magnetic poles with each half cooperat 
ing with the adjacent half of the adjacent pole portion 56 to 
complete the magnetic pole. This arrangement includes four 15 
magnetic poles. 

FIG. 25 illustrates another arrangement of a rotor core 480 
in which the magnets 45a, 45b are arranged to define two 
magnetic poles. In this construction, two opposite pole por 
tions 56a include magnets arranged with the opposite polar- 20 
ity. A first of the remaining two pole portions 56b includes 
two magnets 45a, 45b arranged with a first polarity with the 
second of the remaining two pole portions 56c including two 
magnets 45a, 45b arranged with a second polarity opposite 
the first polarity. The magnets 45a, 45b are arranged such that 25 
they have the same polarity as the adjacent magnets 45a, 45b 
in the adjacent pole portions 56. Thus, one full pole portion 56 
cooperates with half the adjacent two pole portions 56 to 
define one of the two magnetic poles. 

FIGS. 26-30 illustrate rotor cores formed from laminations 30 
50 similar to the one illustrated in FIG. 1. The rotor cores 
include magnets 45 arranged such that the six pole portions 56 
define the desired quantity of magnetic poles. For example, 
FIG. 26 illustrates a construction in which each pole portion 
56 defines a magnetic pole. Two magnets 45 are positioned in 35 
each magnet slot 55 with the same polarity to define the six 
magnetic poles of the rotor core 485. 

FIG. 27 illustrates a rotor core 490 arranged to define a 
two-pole rotor. In this construction, three sequential pole 
portions 56a, 56b, 56c include magnets 45 arranged with the 40 
same polarity. The three remaining pole portions 56d,56e 56f 
include magnets 45 arranged with the opposite polarity to 
define the opposite pole. Thus, each magnetic pole of the rotor 
core 490 is defined by the cooperation of three pole portions 
56. As mentioned before, at least some of the kidney shaped 45 
apertures placed between the magnet slots and the shaft bore 
can be omitted (eliminated) and/or reshaped and/or reposi 
tioned in order to improve the 2-pole magnetic flux path. 

FIG.28 illustrates another rotor core 495 arranged to define 
a two-pole rotor. In this construction, two opposite pole por- 50 
tions 56a, 56b include magnets 45 arranged in their respective 
slots 55 with opposite polarities. Two of the remaining four 
pole portions 56c. 56d are arranged with magnets 45 oriented 
at a first polarity, with the remaining two pole portions 56e, 
56farranged for the opposite polarity. The two pole portions 55 
56c. 56d arranged with the first polarity cooperate with half of 
the two adjacent pole portions 56a, 56b to define the first 
magnetic pole. The two pole portions 56e, 56farranged with 
the second polarity cooperate with the remaining halves of the 
two adjacent pole portions 56a, 56b to define the second 60 
magnetic pole. 

FIG. 29 illustrates a rotor core 500 that defines four mag 
netic poles and employs laminations 50 that include six pole 
portions 56. In this construction, one and one-half pole por 
tions 56 are employed to define each magnetic pole. Thus, 65 
two pole portions 56a, 56b are arranged with both magnets 45 
having a first polarity, two pole portions 56c. 56d are arranged 
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with both magnets 45 having the opposite polarity, and two 
pole portions 56e, 56fare arranged with magnets 45 having 
opposite polarities. The magnets 45 are arranged in groups of 
three having the same polarity to define four magnetic poles. 

FIG. 30 illustrates a rotor core 505 that defines twelve 
magnetic poles and employs laminations 50 that include six 
pole portions 56. In this construction, each magnet slot 55 
includes two magnets 45 arranged with the opposite polarity. 
Thus, each pole portion 56 defines two magnetic poles. The 
concepts previously described can be further applied to pro 
duce twenty four magnetic poles by using the core 505, four 
magnets per each magnet slot and taking advantage of the 
potential pole separation enabled by the central pole-portion 
and side pole-portion apertures or flux barriers. In principle, 
the maximum number of rotor magnetic poles that can be 
produced using a laminated core with flux barriers positioned 
in between the interior magnet slot and the rotor outer surface 
is equal to the number of flux barriers per each pole-portion 
plus one times the number of pole-portions. 

FIG. 31 illustrates a rotor core 510 that is formed from 
laminations 50 stacked in a stackwise direction 33 to define a 
first core portion 515 and a second core portion 520. The 
second core portion 520 is rotated one-half of a pole portion 
and then attached to the first core portion 515 to complete the 
rotor core 510. The magnetic polarity depicted in this figure 
for the core module 515 is the same as for the rotor core 505 
of FIG. 30 and the construction of FIG. 31 can be conve 
niently employed to axially average or balance the configu 
ration and the field of the North and South poles, respectively. 

FIGS. 32 and 33 illustrate a rotor core 525 formed from a 
plurality of laminations 50 similar to those illustrated in FIG. 
1. The laminations 50 are stacked in a stackwise direction 33 
to define two core portions 530, 535 that are then attached to 
one another. As previously discussed, the laminations 50 can 
be aligned at the interface of the two coreportions 530,535 or 
could be rotated to provide some misalignment. The rotor 
core 525 also includes two end laminations 540, 545 that are 
rotated with respect to the core portions 530, 535 to which 
they attach. The rotated laminations 540, 545 act to retain the 
magnets 45 in the magnet slots 55 of the core portions 530, 
535. 
FIG.33 is an end view of the assembled rotor core 525 of 

FIG. 32 that better illustrates the misalignment of the end 
lamination 540. As can be seen, the magnet slots 55 of the 
core portions 530 are partially covered by the end lamination 
540 such that unwanted axial movement of the magnets 45 is 
inhibited. The configuration of the end-lamination 540, 
which includes Substantially large apertures, is beneficial in 
reducing the permanent magnet axial leakage flux and 
improving motor output and performance. 

FIG. 34 illustrates the computed spatial distribution of the 
magneto-motive force (mmf) in the air-gap of a 6-pole motor 
operating in open-circuit (i.e. there are no currents flowing in 
the stator windings and the rotor magnets are the only source 
of magnetic field) and having a rotor core made with the 
lamination shown in FIG. 4. For a motor with a circular 
air-gap of substantially constant width and, provided that the 
effect of the stator slotting and of the magnetic Saturation is 
neglected, the air-gap mmf is also indicative of the air-gap 
flux density. The results shown are from a simplified magnetic 
field analysis based on assumptions and calculation methods 
known to those skilled in the art. As the permanent magnet 
slot extremities 60 are relatively small, their effect on the mmf 
distribution is neglected. Although the center pole flux barri 
ers 210 are relatively wide, their effect is also neglected as 
they are invisible from the point of view of the permanent 
magnet main flux path (see for example FIG. 6). The inter 
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polar side apertures 215 areassumed to produce a “Zero field 
region in the air-gap portion they are facing. The other flux 
barriers are channeling the magnet flux and they produce step 
variations in the mmfcdistribution. The calculations are based 
on the relative and approximate dimensions shown in FIG. 4. 
Also in FIG. 4 are identified the 0 degree reference, which is 
placed at 12 o'clock, and the counter clockwise direction of 
the angular coordinate. The value of the permanent magnet 
flux was selected in order to provide, in a p.u. System, the 
unity value for the 6-pole electric fundamental wave. In light 
of the aforementioned, the plot of FIG. 4 is also relevant for a 
motor that employs the laminations of FIG. 8. 

In FIG. 34 the step variation of the total air-gap mmf is 
plotted with a continuous line and 3 example harmonics from 
its spectrum are plotted with dashed lines. The detailed analy 
sis of the harmonic spectrum revealed both integral order and 
fractional order electrical harmonics, the later type corre 
sponding to the mechanical harmonics having orders that are 
not divisible with the number of pole pairs, which is 3 in this 
case. The harmonic with by far the largest magnitude is the 
shown 3" order mechanical, which corresponds to the elec 
trical fundamental wave of a 6-pole motor. Out of the first 19 
mechanical harmonics the second largest, and also the only 
one with a magnitude higher than 0.1 p.u., is the 13", which 
is also plotted in FIG. 34. The calculated mechanical funda 
mental harmonic, which corresponds to the electrical funda 
mental of a virtual 2-pole motor, is very small indeed and in 
the graph of FIG. 34 basically overlaps the Zero-axis. The 
integral order electrical harmonics up to the 9" order are 
smaller than 0.05 pu with the higher order harmonics, such as 
the 11" and the 13" having slightly larger magnitudes. In 
summary, the harmonic content of the step-waveform of FIG. 
38 is rich but nevertheless the magnitude of each harmonic is 
relatively low, the overall result contributing to the sinusoi 
dality of the air-gap magnetic field and the enhancement of 
motor performance. The use of axial modules for the rotor 
core, as shown for example in FIGS. 11 and 13, further reduce 
the harmonic content of the motor global parameters, such as 
the back emf and the inductance. The results of FIG.38 are 
based on the relative geometrical proportions illustrated in 
FIG. 4. It should be noted that other configurations for the flux 
barriers and/or geometrical proportions can be employed in 
order to reduce certainharmonics, for example the 5" and 7", 
while placing less emphasis, for example, on the 3' harmonic 
and its multiples, which are anyway eliminated from the point 
of view of line-to-line parameters of a motor employing a 
stator with a balanced 3-phase wye connection. 

FIG.35 shows the results of a similar analysis of the air-gap 
mmf, this time for a 4-pole motor employing a rotor core with 
the lamination of FIG. 17 and the preferred geometrical pro 
portions specified in the text in connection with FIG. 17. The 
0 degree reference, which is placed halfway in between 1 and 
2 o'clock, and the counter clockwise direction of the angular 
coordinate are also specified in FIG. 17. Because both the 
triangular apertures 385 and the permanent slot end portions 
355 are relatively wide towards the rotor surface, their effect 
on the adjacent air-gap portion is modeled as a “Zero field' 
region. In this case, the distribution of the mmf is identical 
under the two North poles and has a non-zero field opening, 
equivalent to a North pole arc opening, of approx. 60 
mechanical degrees, i.e. 120 electrical degrees. The distribu 
tion of the mmfis identical under the two South poles and has 
a non-zero field opening, equivalent to a North pole arc open 
ing, of approx. 75 mechanical degrees, i.e. 150 electrical 
degrees. In the motor cross-section, this results in an average 
magnetic pole opening of 135 electrical degrees, which for a 
3-phase motor with 24 slots and a fully pitched distributed 
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winding, improves motor performance and efficiency. The 
lamination geometry and the mmf distribution in between a 
North and a Southpole show relatively less difference than in 
the case of the previous 6-pole example study. Nevertheless 
the effects are beneficial in improving the harmonic content 
and the sinusoidality of the air-gap magnetic field. Up to the 
19" order electricharmonic, only the magnitude of the3" and 
the 7" harmonic are greater than 0.01 pu. These harmonics 
are plotted in FIG. 35 with dashed lines together with the 
fundamental wave. 

FIG. 36 is a plot of the measured per phase back emf 
induced in the stator winding of a 4-pole motor with 24 
equidistant stator slots and a fully pitched distributed wind 
ing. The rotor core was built with laminations as those shown 
in FIG. 17, which were grouped in two core modules as shown 
in FIG. 18. The Fourier analysis of the measured waveform, 
which is plotted with solid line in FIG. 36, indicates as the 
main components the fundamental, the 3',5' and 7" all of 
which are plotted with dashed line. Their sum, plotted with a 
dotted line, basically makes up for the original measured 
waveform, with the exception of the stator slotting harmonic, 
which is most noticeable through a bump-peak at 90 and 270 
electrical degrees. The 5" harmonic is very small because of 
the small 5" mmf harmonic as previously discussed with 
respect to FIG. 35. The 7' back emf harmonic befits from a 
relatively low harmonic winding factor. Although the 3" is 
the largest harmonic, this is cancelled in the line-to-line back 
emfwaveform of a balanced wye connected motor and there 
fore does not have a negative impact on the electronic con 
troller, e.g. on the current regulator. 

In order to reduce the stator slotting effect from the back 
emfwaveform of FIG. 36 the two modules of rotor core 440 
and 445 of FIG. 18 were staggered skewed, i.e. axially mis 
aligned, by an angle equal to half the slot pitch. The slot pitch 
in the example 24 stator slot motor is equal to 7.5 degrees. The 
stagger skew of half a slot pitch is equivalent to a single step 
approximation of a continuous skew of one slot pitch. The 
back emf of an example motor including the staggered rotor 
is shown in FIG. 37. 
The stator slotting harmonics are also present in the mea 

sured waveform of the line to line inductance of the example 
motor with a straight non-staggered rotor core (see the Solid 
line of FIG. 38). The staggering of the rotor core yields the 
dashed-line plotted Smooth inductance waveform oscillating 
around the average value, which is also plotted with dashed 
line in FIG. 38. The illustrated inductance waveforms were 
measured at constant Voltage and show a relatively small 
variation in between the minimum and maximum values. This 
is the results of the reduced saliency construction employing 
q-axis flux barriers. In particular, the center-pole flux barrier, 
which is virtually invisible from the point of view of the 
magnet main flux path, represents a convenient design feature 
for controlling the motor saliency. 
The invention was described with reference to rotor lami 

nations. It is understood that the concepts are generally appli 
cable to other rotor components, such as axial modules made 
of another type of ferromagnetic material Such as compacted 
powder steel or soft magnetic composites. The invention was 
described with reference with rotors that are interior to the 
stator. It is understood that the concepts are generally appli 
cable also to motors having the rotor exterior to the stator, a 
construction typically described as an inside-out design. 

It should be noted that some laminations could be arranged 
to include features illustrated in various figures herein but not 
illustrated together. Thus, a number of other arrangements are 
possible based on various combinations of the features 
described herein. 
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Thus, the invention provides, among other things, a new 
and useful rotor 20 foruse inamotor 10. The rotor 20 includes 
internally-mounted magnets 45 and can be used, among other 
things, to replace a motor with permanent magnets mounted 
on the rotor Surface and to enhance motor performance. 
What is claimed is: 
1. An electric machine comprising: 
a Stator, 
a rotor positioned adjacent the stator and configured to 

rotate with respect to the stator, the rotor including 
a plurality of laminations having a circular outside diam 

eter and Stacked in a stackwise direction, each lami 
nation including a plurality of continuous arcuate 
slots positioned inward of the outside diameter, each 
continuous arcuate slot including an inner portion 
spaced a first distance from the outside diameter, a 
first end portion disposed a second distance from the 
outside diameter, a second end portion disposed the 
second distance from the outside diameter, the second 
distance being Smaller than the first distance, a first 
arcuate protrusion configured to narrow the continu 
ous arcuate slot adjacent the first end portion, and a 
second arcuate protrusion configured to narrow the 
continuous arcuate slot adjacent the second end por 
tion; and 

a plurality of permanent magnets, each magnet disposed 
in one of the continuous arcuate slots completely 
between the first arcuate protrusion and the second 
arcuate protrusion. 

2. The electric machine of claim 1, wherein each of the 
non-linear slots includes a single continuous arcuate magnet. 

3. The electric machine of claim 1, wherein each of the 
non-linear slots cooperates with the outside diameter to 
define a space, and wherein the space includes a plurality of 
apertures. 

4. The electric machine of claim 3, wherein each space 
includes a central elongated aperture having a center longi 
tudinal axis that is substantially coincident with a radial line 
of the lamination. 

5. The electric machine of claim 4, further comprising two 
side elongated apertures each having a side longitudinal axis 
that is Substantially parallel to the center longitudinal axis. 

6. The electric machine of claim 4, wherein the permanent 
magnets each define a magnet width, and wherein each of the 
central aperture and side apertures defines a width, and 
wherein the sum of the widths of the apertures within a space 
is between about two and four times the magnet width. 

7. The electric machine of claim 5, wherein the central 
aperture includes a first end approximately centered between 
the first end portion of the slot and the second end portion of 
the slot, and wherein each side elongated aperture includes a 
second end centered between the first end and one of the first 
end portion of the slot and the second end portion of the slot. 

8. The electric machine of claim 5, wherein the slots coop 
erate with a shaft bore to define an interior space, and wherein 
the interior space includes a plurality of kidney-shaped aper 
tures. 

9. The electric machine of claim 8, wherein the number of 
kidney-shaped apertures is equal to the number of slots. 

10. The electric machine of claim 3, wherein at least one 
space includes a central elongated aperture having a center 
longitudinal axis, and two side apertures each having a side 
longitudinal axis that is not parallel to the center longitudinal 
axis. 

11. The electric machine of claim 10, wherein the central 
aperture of a first one of the spaces includes a first end 
approximately centered between the first end portion of the 
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slot and the second end portion of the slot, and wherein the 
side apertures in the first space each include a second end 
centered between the first end and one of the first end portion 
of the slot and the second end portion of the slot, and wherein 
the opposite end of the side apertures is tipped toward the 
central aperture. 

12. The electric machine of claim 11, wherein the central 
aperture of a second one of the spaces includes a first end 
approximately centered between the first end portion of the 
slot and the second end portion of the slot, and wherein the 
side apertures in the second space each include a second end 
positioned about two-thirds of the distance between the first 
end and one of the first end portion of the slot and the second 
end portion of the slot, and wherein the opposite end of the 
side apertures is tipped toward the central aperture. 

13. The electric machine of claim 10, wherein the center 
longitudinal axis is not parallel to any radial line of the lami 
nation that passes through the central elongated aperture and 
intersects the central longitudinal axis, and wherein the center 
longitudinal axis cooperates with the radial line to define a 
non-Zero angle therebetween. 

14. The electric machine of claim 10, wherein at least one 
of the central apertures includes a centerlongitudinal axis that 
is not parallel to any radial line that passes through the central 
aperture and intersects the center longitudinal axis Such that 
the central aperture is tipped in a clockwise direction. 

15. The electric machine of claim 14, wherein a second of 
the central apertures includes a center longitudinal axis that is 
not parallel to any radial line that passes through the central 
aperture and intersects the center longitudinal axis Such that 
the central aperture is tipped in a counterclockwise direction. 

16. The electric machine of claim 14, wherein the stator 
defines a stator slot angular pitch, and wherein the central 
longitudinal axis cooperates with a radial line that intersects 
the central longitudinal axis and the central aperture to define 
an angle that is equal to one of one-quarter, one-third, one 
half, and two-thirds of the stator slot angular pitch. 

17. The electric machine of claim 1, wherein each of the 
laminations defines an even number of pole portions, each 
pole portion including one of the slots, and wherein a first 
pole portion is symmetric an opposite second pole portion 
and is asymmetric with respect to an adjacent pole portion. 

18. The electric machine of claim 1, further comprising an 
end lamination Substantially the same as each of the plurality 
of laminations, the end lamination connected to the plurality 
of laminations and rotated a predetermined amount Such that 
the non-linear slots of the plurality of laminations are mis 
aligned with the non-linear slots of the end lamination Such 
that the end lamination inhibits movement of the permanent 
magnets in the stackwise direction. 

19. A rotor for an electric machine, the rotor comprising: 
a plurality of laminations having a plurality of apertures 

and stacked in a stackwise direction, each lamination 
defining an even number of pie-shaped pole portions, at 
least one pole portion including a non-linear magnet slot 
having a first end portion, a second end portion, a first 
arcuate protrusion configured to narrow the slot adjacent 
the first end portion, and a second arcuate protrusion 
configured to narrow the slot adjacent the second end, 
the plurality of apertures arranged such that each pole 
portion is symmetric to an opposite pole portion and is 
asymmetric with respect to an adjacent pole portion; and 

a plurality of permanent magnets, each permanent magnet 
disposed in one of the magnet slots of the pie-shaped 
pole portions such that there are no gaps between the 
magnets in a slot and the magnets in any one slot are not 
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arranged linearly and are completely disposed between 
the first arcuate protrusion and the second arcuate pro 
trusion. 

20. The rotor of claim 19, wherein the magnet slots include 
two Substantially linear portions that meet to define a con 
tinuous V-shaped slot. 

21. The rotor of claim 19, wherein each of the magnet slots 
includes a single continuous arcuate slot. 

22. The rotor of claim 19, wherein each of the magnet slots 
cooperates with an outside diameter of the lamination to 
define a space, and wherein the space includes at least a 
portion of the plurality of apertures. 

23. The rotor of claim 22, wherein each space includes a 
central elongated aperture having a center longitudinal axis 
that is substantially coincident with a radial line of the lami 
nation, and two side elongated apertures each having a side 
longitudinal axis that is Substantially parallel to the center 
longitudinal axis. 

24. The rotor of claim 23, wherein the central aperture 
includes a first end approximately centered between the first 
end portion of the slot and the second end portion of the slot, 
and wherein each side elongated aperture includes a second 
end centered between the first end and one of the first end 
portion of the slot and the second end portion of the slot. 

25. The rotor of claim 23, wherein the slots cooperate with 
a shaft bore to define an interior space, and wherein the 
interior space includes a plurality of kidney-shaped apertures. 

26. The rotor of claim 25, wherein the number of kidney 
shaped apertures is equal to the number of slots. 

27. The rotor of claim 22, wherein at least one space 
includes a central elongated aperture having a center longi 
tudinal axis, and two side apertures each having a side longi 
tudinal axis that is not parallel to the center longitudinal axis. 

28. The rotor of claim 27, wherein the central aperture of a 
first one of the spaces includes a first end approximately 
centered between the first end portion of the slot and the 
second end portion of the slot, and wherein the side apertures 
in the first space each include a second end centered between 
the first end and one of the first end portion of the slot and the 
second end portion of the slot, and wherein the opposite end 
of the side apertures is tipped toward the central aperture. 

29. The rotor of claim 28, wherein the central aperture of a 
second one of the spaces includes a first end approximately 
centered between the first end portion of the slot and the 
second end portion of the slot, and wherein the side apertures 
in the second space each include a second end positioned 
about two-thirds of the distance between the first end and one 
of the first end portion of the slot and the second end portion 
of the slot, and wherein the opposite end of the side apertures 
is tipped toward the central aperture. 

30. The rotor of claim 27, wherein the center longitudinal 
axis is not parallel to any radial line of the lamination that 
passes through the central elongated aperture and intersects 
the central longitudinal axis, and wherein the center longitu 
dinal axis cooperates with the radial line to define a non-Zero 
angle therebetween. 

31. The rotor of claim 27, wherein at least one of the central 
apertures includes a center longitudinal axis that is not paral 
lel to any radial line that passes through the central aperture 
and intersects the centerlongitudinal axis Such that the central 
aperture is tipped in a clockwise direction. 

32. The rotor of claim 31, wherein a second of the central 
apertures includes a center longitudinal axis that is not paral 
lel to any radial line that passes through the central aperture 
and intersects the centerlongitudinal axis Such that the central 
aperture is tipped in a counterclockwise direction. 

33. A rotor for an electric machine, the rotor comprising: 
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24 
a first core portion formed from a first plurality of first 

laminations stacked in a stackwise direction, each first 
lamination defining an even number of pie-shaped pole 
portions that each include a magnet slot having a first 
end portion, a second end portion, a first arcuate protru 
sion adjacent the first end portion, and a second arcuate 
protrusion adjacent the second end portion, the magnet 
slot configured to receive a magnet disposed completely 
between the first arcuate protrusion and the second arcu 
ate protrusion, a first of the pie-shaped pole portions 
being different than an adjacent second pie-shaped pole 
portion; and 

a second core portion formed from a second plurality of 
first laminations stacked in a stackwise direction, the 
second core portion connected to the first core portion 
Such that the second pie-shaped pole portions of the 
second core portion are aligned in the stackwise direc 
tion with the first pie-shaped pole portions of the first 
core portion. 

34. The rotor of claim 33, wherein the magnet slots include 
two Substantially linear portions that meet to define a con 
tinuous V-shaped slot. 

35. The rotor of claim 33, wherein each of the magnet slots 
includes a single continuous arcuate slot. 

36. The rotor of claim 33, wherein each of the magnet slots 
cooperates with an outside diameter of the lamination to 
define a space, and wherein each space includes at least one 
aperture. 

37. The rotor of claim 36, wherein each space includes a 
central elongated aperture having a center longitudinal axis 
that is substantially coincident with a radial line of the lami 
nation, and two side elongated apertures each having a side 
longitudinal axis that is substantially parallel to the center 
longitudinal axis. 

38. The rotor of claim 37, wherein the central aperture 
includes a first end approximately centered between the first 
end portion of the slot and the second end portion of the slot, 
and wherein each side elongated aperture includes a second 
end centered between the first end and one of the first end 
portion of the slot and the second end portion of the slot. 

39. The rotor of claim 37, wherein the slots cooperate with 
a shaft bore to define an interior space, and wherein the 
interior space includes a plurality of kidney-shaped apertures. 

40. The rotor of claim 39, wherein the number of kidney 
shaped apertures is equal to the number of slots. 

41. The rotor of claim 36, wherein at least one space 
includes a central elongated aperture having a center longi 
tudinal axis, and two side apertures each having a side longi 
tudinal axis that is not parallel to the center longitudinal axis. 

42. The rotor of claim 41, wherein the central aperture of a 
first one of the spaces includes a first end approximately 
centered between the first end portion of the slot and the 
second end portion of the slot, and wherein the side apertures 
in the first space each include a second end centered between 
the first end and one of the first end portion of the slot and the 
second end portion of the slot, and wherein the opposite end 
of the side apertures is tipped toward the central aperture. 

43. The rotor of claim 42, wherein the central aperture of a 
second one of the spaces includes a first end approximately 
centered between the first end portion of the slot and the 
second end portion of the slot, and wherein the side apertures 
in the second space each include a second end positioned 
about two-thirds of the distance between the first end and one 
of the first end portion of the slot and the second end portion 
of the slot, and wherein the opposite end of the side apertures 
is tipped toward the central aperture. 
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44. The rotor of claim 41, wherein the center longitudinal 
axis is not parallel to any radial line of the lamination that 
passes through the central elongated aperture and intersects 
the central longitudinal axis, and wherein the center longitu 
dinal axis cooperates with the radial line to define a non-Zero 
angle therebetween. 

45. The rotor of claim 41, wherein at least one of the central 
apertures includes a center longitudinal axis that is not paral 
lel to any radial line that passes through the central aperture 
and intersects the centerlongitudinal axis Such that the central 
aperture is tipped in a clockwise direction. 

46. The rotor of claim 45, wherein a second of the central 
apertures includes a center longitudinal axis that is not paral 
lel to any radial line that passes through the central aperture 
and intersects the centerlongitudinal axis Such that the central 
aperture is tipped in a counterclockwise direction. 

47. A rotor for an electric machine, the rotor comprising: 
a first core portion formed from a first plurality of first 

laminations, each first lamination having a first Substan 
tially planar side, a second Substantially planar side, a 
plurality of magnet slots having a first end portion, a 
second end portion, a first arcuate protrusion adjacent 
the first end portion, a second arcuate protrusion adja 
cent the second end portion, the magnet slots configured 
to receive a magnet disposed completely between the 
first arcuate protrusion and the second arcuate protru 
sion, and a plurality of apertures, the first laminations 
stacked in a stackwise direction such that the first sub 
stantially planar Surface faces in a first direction; and 

a second core portion formed from a second plurality of 
first laminations stacked in a stackwise direction Such 
that the second substantially planar sides of the second 
plurality of first laminations faces in the first direction, 
the second core portion connected to the first core por 
tion Such that the slots are substantially aligned and 
substantially all of the plurality of apertures are mis 
aligned. 

48. The rotor of claim 47, wherein the magnet slots include 
two Substantially linear portions that meet to define a con 
tinuous V-shaped slot. 

49. The rotor of claim 47, wherein each of the magnet slots 
includes a single continuous arcuate slot. 

50. The rotor of claim 47, wherein each of the magnet slots 
cooperates with an outside diameter of the lamination to 
define a space, and wherein each space includes at least one 
aperture. 

51. The rotor of claim 50, wherein each space includes a 
central elongated aperture having a center longitudinal axis 
that is substantially coincident with a radial line of the lami 
nation, and two side elongated apertures each having a side 
longitudinal axis that is Substantially parallel to the center 
longitudinal axis. 

52. The rotor of claim 51, wherein the central aperture 
includes a first end approximately centered between the first 
end portion of the slot and the second end portion of the slot, 
and wherein each side elongated aperture includes a second 
end centered between the first end and one of the first end 
portion of the slot and the second end portion of the slot. 

53. The rotor of claim 51, wherein the slots cooperate with 
a shaft bore to define an interior space, and wherein the 
interior space includes a plurality of kidney-shaped apertures. 

54. The rotor of claim 53, wherein the number of kidney 
shaped apertures is equal to the number of slots. 

55. The rotor of claim 50, wherein at least one space 
includes a central elongated aperture having a center longi 
tudinal axis, and two side apertures each having a side longi 
tudinal axis that is not parallel to the center longitudinal axis. 
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56. The rotor of claim 55, wherein the central aperture of a 

first one of the spaces includes a first end approximately 
centered between the first end portion of the slot and the 
second end portion of the slot, and wherein the side apertures 
in the first space each include a second end centered between 
the first end and one of the first end portion of the slot and the 
second end portion of the slot, and wherein the opposite end 
of the side apertures is tipped toward the central aperture. 

57. The rotor of claim 56, wherein the central aperture of a 
second one of the spaces includes a first end approximately 
centered between the first end portion of the slot and the 
second end portion of the slot, and wherein the side apertures 
in the second space each include a second end positioned 
about two-thirds of the distance between the first end and one 
of the first end portion of the slot and the second end portion 
of the slot, and wherein the opposite end of the side apertures 
is tipped toward the central aperture. 

58. The rotor of claim 55, wherein the center longitudinal 
axis is not parallel to any radial line of the lamination that 
passes through the central elongated aperture and intersects 
the central longitudinal axis, and wherein the center longitu 
dinal axis cooperates with the radial line to define a non-zero 
angle therebetween. 

59. The rotor of claim 55, wherein at least one of the central 
apertures includes a center longitudinal axis that is not paral 
lel to any radial line that passes through the central aperture 
and intersects the center longitudinal axis Such that the central 
aperture is tipped in a clockwise direction. 

60. The rotor of claim 59, wherein a second of the central 
apertures includes a center longitudinal axis that is not paral 
lel to any radial line that passes through the central aperture 
and intersects the center longitudinal axis Such that the central 
aperture is tipped in a counterclockwise direction. 

61. A rotor for an electric machine, the rotor comprising: 
a plurality of rotor laminations each having an outer Sur 

face and stacked in a stackwise direction, each lamina 
tion including a first pole portion that includes a first slot 
that cooperates with the outer surface to define a first 
space, the first space defining a first central aperture and 
a first side aperture, the first slot having a first end por 
tion, a second end portion, a first arcuate protrusion 
adjacent the first end portion, and a second arcuate pro 
trusion adjacent the second end portion, the first slot 
configured to receive a magnet disposed completely 
between the first arcuate protrusion and the second arcu 
ate protrusion, and a second pole portion different from 
the first pole portion and including a second slot that 
cooperates with the outer Surface to define a second 
space, the second space defining a second central aper 
ture and a second side aperture, wherein the first side 
aperture is spaced a first distance from the first central 
aperture and the second side aperture is spaced a second 
distance from the second central aperture, the first dis 
tance being different than the second distance, the first 
aperture and the second aperture being the only side 
apertures on their respective sides of the first central 
aperture and the second central aperture within the first 
space and the second space. 

62. The rotor of claim 61, wherein the first pole portion 
defines a first pole width that extends between a first pole end 
and a second pole end, and the first central aperture is posi 
tioned in the center of the first pole width, and wherein the 
second pole portion defines a second pole width that extends 
between a third pole end and a fourth pole end, and the second 
central aperture is positioned in the center of the second pole 
width. 
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63. The rotor of claim 62, wherein the first side aperture 
includes a first side end and the second side aperture includes 
a second side end, and wherein the first side end is positioned 
about one-half the distance between the first central aperture 
and the first pole end, and the second side end is positioned 5 
about one-third of the distance from the second central aper 
ture to the third pole end. 

64. The rotor of claim 63, wherein the first side aperture 
includes a third side end and the second side aperture includes 
a fourth side end, and wherein the third side end is positioned 10 
about two-thirds the distance between the first central aper 
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ture and the first pole end, and the fourth side end is positioned 
about one-half of the distance from the second central aper 
ture to the third pole end. 

65. The rotor of claim 62, wherein the first side aperture 
includes a first side end and a second side end opposite the 
first side end, and wherein the first side end is positioned 
about 27.5 percent of the way from the central aperture to the 
first end, and the second side end is positioned about 50 
percent of the way from the central aperture to the first end. 
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